The hypoxic testis and post-meiotic expression of PAS domain proteins
Spermatogenesis: cell differentiation along a steep oxygen gradient
Spermatogenesis is a highly dynamic cellular differentiation process, involving profound transcriptional and morphological changes. At the basal layers of the seminiferous tubuli, spermatogenesis is initiated by the differentiation of self-renewing spermatogonia to become committed intermediate spermatogonia. Following two further mitotic divisions, primary spermatocytes are formed which undergo the two rounds of meiotic divisions resulting in haploid round spermatids. In a process called spermiogenesis, these round spermatids mature via elongated spermatids to spermatozoa. Thereby, the nucleus is strongly compacted and most of the cytoplasmic content is discarded with the residual body. Mature spermatozoa are finally released into the lumen of the seminiferous tubuli. Spermatogenesis appears in synchronized waves of layers of differentiating germ cells which sequentially migrate from the basal towards the luminal regions of the seminiferous tubuli. In the mouse, stages I to XII of the cycle of spermatogenesis can be distinguished [1] .
Approximately 4x10 6 sperm cells are produced every day by the male mouse [2] .
Considering this high sperm production rate, spermatogonial self-renewal is likely to consume high amounts of oxygen. However, blood vessels are located exclusively between the tubuli and oxygen reaches the lumen of the tubuli seminiferi only by diffusion. Due to the diffusion distance and the high oxygen consumption of the proliferating cells, luminal oxygen partial pressures (pO 2 ) are likely to be very low ( Fig. 1) . Indeed, pO 2 values as low as 2 mmHg have been reported, which are among the lowest values found in the body and otherwise occur only in the vicinity of oxygen consuming mitochondria [3] . Even if other groups reported somewhat higher testicular pO 2 values, the pO 2 values within the tubuli seminiferi are clearly below the pO 2 values outside of the tubuli [4, 5] . Thus, the spatially well oriented process of spermatogeneis occurs along a profound pO 2 gradient. However, the influence of the hypoxic gradient on the molecular events during spermatogenesis and spermiogenesis, as well as the effects of reoxygenation during spermatozoa release and sperm ejaculation, are largely unknown.
Transcriptional and translational changes during spermatogenesis
Sperm cell production occurs in sequential mitotic, meiotic, and postmeiotic phases. Germ cell-specific transcripts are expressed in a developmental stage-specific way [6] [7] [8] . These transcripts are derived from testis-specifically expressed homologs of genes expressed in somatic cells or result from one or more testis-specific transcriptional start sites or splicing events [9] . In addition, some of the testis-specific proteins are unique to sperm cells. Isoenzymes and protein isoforms specific to testis include glycolytic enzymes, heat shock proteins, structural proteins, histone-like proteins and transcription factors.
During nuclear elongation of haploid spermatids, the rate of transcription declines and becomes undetectable in elongated spermatids. Nevertheless, ongoing translation of a number of sperm cell-specific structural proteins and isoforms of metabolic enzymes is required for the production of spermatozoa. Therefore, specific mRNA isoforms containing long poly(A) tails are stored as translationally inactive ribonucleoprotein particles. In transcriptionally inactive states, these mRNA isoforms are recruited into translationally highly active polysomes to ensure ongoing protein synthesis [6, 7, 10] . Prominent examples include the nuclear transition proteins [11, 12] and later in spermiogenesis the protamines [13] [14] [15] , which sequentially replace the histones thereby compacting the chromatin.
Various testis-specific isoforms of glycolytic enzymes are expressed in the haploid stages of spermatogenesis and are still active in mature spermatozoa, including phosphoglycerate kinase 2 [16, 17] , glyceraldehyde 3-phosphate dehydrogenase-2 [18] and lactate dehydrogenase C [19] .
Interestingly, all four genes encoding the bifunctional enzymes 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase (PFKFB-1 to -4) are highly expressed in the testis in a hypoxia-inducible manner [20, 21] . PFKFB-1 to -4 regulate the levels of fructose-2,6-bisphosphate, a potent allosteric regulator of 6-phosphofructo-1-kinase and hence a key regulator of the glycolytic flux. Testis-specific glycolytic enzyme isoform expression might be related to hypoxic adaptation by altered anaerobic energy metabolism. Indeed, sperm capacitation, motility changes, acrosome reaction and fertilization is exclusively dependent on anaerobic glycolysis and can occur under strictly anaerobic conditions [22] . The precise mode of transcriptional regulation as well as the function of the testis-specific isoforms of glycolytic enzymes, however, remains to be elucidated.
In non-testicular cells, the hypoxia-inducible factor (HIF) is the major transcriptional regulator of genes involved in oxygen-dependent metabolism such as the glycolytic enzymes. It might thus be of relevance that we recently discovered a switch in HIF-1α isoform expression during mouse and human spermatogenesis [23, 24] .
Hypoxia-inducible factor (HIF)-1α expression in testis
HIF-1 is an ubiquitously expressed transcriptional master regulator of many genes regulating mammalian oxygen homeostasis, including those genes involved in the cell's glycolytic capacity [25] . Other HIF-1-regulated gene products are involved in erythropoiesis, iron metabolism, angiogenesis, control of blood flow, pH regulation, cell cycle and apoptosis [26] .
HIF-1 is a α 1 β 1 heterodimer specifically recognizing the HIF-binding site within cis-regulatory hypoxia response elements [27] . Both the α and the β subunits contain so-called PAS (an acronym standing for Per-ARNT-Sim, the first three known proteins containing this motif)
domains involved in protein-protein heterodimerization. Under normoxic conditions, the von Hippel-Lindau tumor suppressor protein (VHL) targets the HIF-1α subunit for rapid ubiquitination and proteasomal degradation [28] . Binding of the VHL tumor suppressor protein requires prior modification of HIF-1α by a family of low-affinity oxygen-dependent prolyl-4-hydroxylases, called prolyl hydroxylase domain (PHD) 1 to 3 [29] [30] [31] . In contrast to PHD2 and PHD3, PHD1 is constitutively expressed with highest expression levels found in the testis [32] .
We previously cloned the mouse HIF-1α gene (Hif1a) and found that its expression is driven by two different promoters located 5' to two alternative first exons designated exon I. [36] . However, these results were based on in vitro translated mHIF-1αI.1 and the in vivo N-terminal amino acid of mHIF-1αI.1 in the testis remains unknown (as well as the "real" N-terminal amino acids of the ubiquitous mHIF-1αI.2 and human HIF-1α protein isoforms which never have been determined up to date).
mHIF-1αI.1 mRNA is detectable by the sensitive RT-PCR and RNase protection assays in a wide variety of mouse cell lines and organs [34, 35] . At least in mouse tissues, these results might be explained by mHIF-1αI.1 expression in "contaminating" T-lymphocytes which have been demonstrated to upregulate mHIF-1αI.1 gene expression following T-cell activation [37] .
However, by using the less sensitive method of in situ hybridization, we found expression of mHIF-1αI.1 mRNA to be restricted to post-meiotic spermatids of the testis [23] .
Recently, we also identified a novel HIF-1α mRNA isoform transcribed from the human HIF1A gene from its own promoter-first exon combination [24] . Since expression of this alternative gene product was exclusively detectable in human testis, even when determined by the very sensitive RT-PCR, we named it hHIF-1αTe. No homology could be detected between the mouse Hif1a alternative exonI.1 and the human HIF1A testis-specific first exon. Moreover, the molecular architecture of the two corresponding promoters is different in the mouse and human genes, which show opposite orders (Fig. 2) .
Although antibodies specific for the different N-termini of HIF-1α are not available, HIF-1α protein could be detected in post-meiotic spermatids using pan anti-HIF-1α antibodies.
Surprisingly, HIF-1α protein was also detectable in post-acrosomal regions and the midpiece of mouse and human spermatozoa (Fig. 3) . Due to the corresponding switch in mRNA isoforms, it is likely, albeit not formally proven, that the immunologic reaction results from the testis-specific HIF-1α isoforms [23, 24] . Thus, HIF-1α co-localizes with the the tightly packed array of mitochondria and cytoskeletal structures, i.e. the mitochondrial sheath, of the flagellum.
However, we could exclude interaction of HIF-1α with mitochondria [24] . Interestingly, the structural proteins of the flagellum have been connected to regulation of cAMP signalling cascades and glycolytic enzymes, which might be related to the localization of HIF-1α outside of the nucleus [38] .
Testis-specific HIF-1α might function as a dominant-negative regulator of normal HIF
The predicted coding region of human hHIF-1αTe lacks the N-terminal 59 amino acids of the bHLH domain. Thus hHIF-1αTe still interacts with the β subunit ARNT, but this complex is incapable of binding DNA, resulting in a dominant-negative regulator of normal HIF-1 function [24] . It might well be that also in mouse testis, a downstream ATG is employed, or posttranslational processing of the N-terminus occurs, both resulting in a similar dominant-negative mouse HIF-1α protein isoform whose predicted length is only 12 amino acid shorter than the ubiquitous isoform. Thus, the testis-specific promoter-first exon combinations might give rise to dominant inhibitory HIF-1α proteins in mice and men.
Due to the hypoxic tissue, there is a rather high level of constitutive expression of HIF-1α
in pre-meiotic cells of the mouse testis, not further induced by systemic hypoxia [23] . In contrast, following ischemia HIF-1α protein levels have been reported to be further upregulated in rat testis but not epididymidis [39, 40] . However, in post-meiotic cells gene transcription is generally downregulated [7] . The testis-specific expression of a dominant-negative regulator of normal HIF-1 function might hence be involved in the silencing of the many genes which are under the transcriptional control of HIF-1, despite its putatively strong activation by the hypoxic environment. This mechanism overlaps with the decrease of transcripts for the ubiquitous HIF-1α isoform in post-meiotic regions of the testis [23] . Concerning the glyoclytic enzymes, for example, the block in normal HIF-1 function might contribute to the decrease in expression of the ubiquitous isoforms, allowing the switch to the expression of the testis-specific isoforms.
Downregulation of transcriptional activity by dominant-negative regulation is a common mechanism in testis. The Id proteins are up to date the best characterized negative regulators of bHLH transcription factors [41] . These short proteins, which contain a HLH but no basic domain, inhibit transcriptional activity by heterodimerization with certain transcription factors. Notably, Id 4 is specifically expressed in testis [41] . hHIF-1αTe might function through a similar mechansim. However, it is currently unknown whether the Id proteins interfere also with HIF-1 function.
Another avascular hypoxic tissue is the corneal epithelium of the eye. Interestingly, a hypoxia-inducible splice variant of the HIF-3α gene, termed inhibitory PAS protein (IPAS), has been reported to be highly expressed in the corneal epithelium [42, 43] . IPAS antisense oligonucleotides applied to the mouse cornea induced angiogenesis due to de-repression of HIF-1-mediated VEGF gene expression in hypoxic corneal cells, suggesting a novel mechanism for the maintenance of an avascular phenotype [42] . hHIF-1αTe might have a similar function during spermatogenesis, though this might not be directly related to the angiogenesis function of VEGF.
Consistent with this speculation, transgenic mice overexpressing VEGF in the testis are infertile and show spermatogenic arrest [44] . However, in contrast to IPAS, hHIF-1αTe does not interact with hHIF-1α and the critical target gene(s) to be repressed in the testis are currently unknown.
The significance of stringent regulation of HIF-1α in the testis is further supported by recent findings in male VHL f/d Cre mice. These animals show oligospermia, reduction in testicular weight and infertility, suggesting that impaired regulation of HIF-1α results in defects in spermatogenesis [45] . Because HIF-1α knock-out mice die during embryogenesis [46] , the role of HIF-1α in testis cannot be investigated in this animal model. However, a recent report on HIF-2α knock-out mice showed that these animals suffer among others from azoospermia [47] .
Therefore, it will be important to determine the spatio-temporal expression pattern of HIF-2α, HIF-3α and its splice variant IPAS during spermatogenesis. Testis-specific gene targeting experiments will be required to elucidate the specific function of each HIF-α family member during spermatogenesis.
PASKIN, a PAS domain-Ser/Thr kinase highly expressed in post-meiotic cells in the testis
Bacterial Rhizobium and Bradyrhizobium species live in root nodules of certain plants such as soybean (Fig. 4) . Oxygen-sensing in these species is required for regulated expression of the oxygen-sensitive enzymes involved in nitrogen fixation. FixL serves as a heme-bearing molecular oxygen sensor whose histidine kinase domain regulates the activity of the FixJ transcription factor in an oxygen-dependent manner [48] . The heme group of FixL is located within a PAS domain. Thus, the widespread PAS protein fold is not only found in mammalian transcription factor protein-protein interaction sites (such as HIF heterodimers), but also in many environmental protein sensors involved in the perception of light intensity, oxygen partial pressure, redox potentials, voltage and certain ligands [49] [50] [51] [52] .
We and others identified a novel mammalian PAS protein with similar domain architecture as FixL, termed PASKIN [53] or PAS kinase [54] . PASKIN contains two PAS domains, with higher sequence similarity to the FixL PAS domain than to any other known PAS domain, and a serine/threonine kinase domain related to AMP kinases. As known from FixL, the PAS A domain of PASKIN represses the kinase activity in cis. carbohydrate storage [56] . Recently, PASKIN expression as well as kinase activity have been reported to be increased in isolated pancreatic β-cells following stimulation with high glucose levels. Under these conditions, PASKIN apparently is required for glucose-dependent induction of preproinsulin gene expression [57] .
In order to understand the physiological role of PASKIN in mammals, we targeted the mouse Paskin gene by homologous recombination, replacing part of the gene by a β-galactosidase reporter gene [58] . Surprisingly, PASKIN expression is strongly upregulated in post-meiotic germ cells during spermatogenesis (Fig. 4) . However, male fertility or sperm production and motility were not affected in these mice, consistent with a role for PASKIN under nutrient-restricted conditions only. No other organs, including pancreas and carotid bodies, stained positive for β-galactosidase under normal glucose conditions in our hands. Considering the data reported for pancreatic β-cells, we are currently investigating whether PASKIN is regulated by glucose and how this might affect spermatogenesis in the testis of PASKIN knockout mice.
Conclusions
Although the function of the testis-specific HIF-1α isoform and PASKIN in post-meiotic cells is purely speculative up to date and is not necessarily related to oxygen sensing directly, the results summarized in this review clearly suggest that understanding the process of spermatogenesis must take into consideration the interaction with the microenvironment, including oxygen availability as well as glucose concentration and metabolism. Testis-specific expression of these two PAS proteins might point to a role as critical mediators integrating environmental signals with intrinsic differentiation processes. specifically labelled by the anti-HIF-1α antibody. Though this mouse was exposed to systemic hypoxia, no change in HIF-1α protein levels in the testis could be observed [23] . Despite a different genomic architecture and lack of sequence homology, the testis-specific promoters result in N-terminally truncated translation products which at least for the human hHIF-1αTe protein were shown to have a dominant-negative activity on normal HIF-1 function [24] . Fig. 3 . HIF-1α protein mainly localizes to post-acrosomal regions and the midpiece of mouse and human sperm tails. Indirect immunofluorescence using anti-HIF-1α antibodies followed by secondary FITC-coupled antibodies [23, 24] . 
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